We report measurements of photon and neutron radiation levels observed while transmitting a 0.43 MW electron beam through millimeter-sized apertures and during beam-off, but accelerating gradient RF-on, operation. These measurements were conducted at the Free-Electron Laser (FEL) facility of the Jefferson National Accelerator Laboratory (JLab) using a 100 MeV electron beam from an energy-recovery linear accelerator. The beam was directed successively through 6 mm, 4 mm, and 2 mm diameter apertures of length 127 mm in aluminum at a maximum current of 4.3 mA (430 kW beam power). This study was conducted to characterize radiation levels for experiments that need to operate in this environment, such as the proposed DarkLight Experiment. We find that sustained transmission of a 430 kW continuous-wave (CW) beam through a 2 mm aperture is feasible with manageable beam-related backgrounds. We also find that during beam-off, RF-on operation, multipactoring inside the niobium cavities of the accelerator cryomodules is the primary source of ambient radiation when the machine is tuned for 130 MeV operation.
Introduction
The high-quality electron beam capabilities of JLab's accelerators at CEBAF and the FreeElectron Laser facility [1] have been incorporated into dark matter detection proposals based on predictions of Freytsis et al. [2] . Taken together, the experiments will search for a scalar boson A in the mass range ≈ 10 MeV to 1.0 GeV. Three experiments (APEX [3] , HPS [4, 5] , and DarkLight [6] ) are either underway or are preparing to explore complementary regions of parameter space as indicated in Fig. 1 .
The DarkLight experiment plans to study e − -p scattering in a windowless, internal gas target at the JLab FEL. Beam-related and ambient background radiation levels at the FEL need to be characterized. Here we report measurements performed in spring and summer 2012 including a highpower beam transmission test through millimeterdiameter apertures. This demonstrated that transmission of a half-megawatt electron beam through a 2 mm diameter, 127 mm long aperture in an aluminum block (simulating operation of the DarkLight gas target) was feasible without excessive energy loss from resistive wall heating (wakefield effects) or from beam halo interception in the block. It also allowed photon and neutron radiation levels to be studied. Companion papers [8, 9] address the beam loss and heating effects; here, we address the [7] . radiation measurements.
Experimental set-up
Measurements were carried out in the shielded vault of the Jefferson Laboratory FEL. The FEL consists of an injection system including a drive laser, an energy recovery linear accelerator (ERL) with superconducting RF cavities, beam lines, and recirculation arcs. The ERL produces an electron beam of up to 130 MeV energy and up to 1 MW power. The electron beam can drive either of two beam lines. One is configured to produce infrared (IR) light, the other to produce ultraviolet (UV) light. After traversing either beam line, the beam is returned to the ERL for energy extraction.
For the transmission test, a 6-port vacuum chamber test fixture was constructed containing a movable aluminum target block with three apertures of 6 mm, 4 mm, and 2 mm diameter, each 127 mm in length. The 2 mm aperture approximates the geometry of the entrance and exit ports of the proposed DarkLight windowless gas target, where the narrow aperture is used to restrict gas flow from the target Figure 2 : The three detector systems on the movable cart. The two NaI/PMT detectors are housed inside the shielding enclosure constructed of lead bricks. Sufficient lead was used to reduce the dead time during 430 kW running to manageable levels. The test fixture containing the aperture block is in the upper left, but is largely obscured by other beam line components. The neutron monitor RM212 p1, is the cylinder on the left-most corner of the cart, and the photon monitor RM212 p2 is seen on top of the lead stack.
into the beam line vacuum. Diagnostics were fitted on the aperture block, including a temperature sensor, a YAG crystal with a 10 5 dynamic range for measuring the beam halo, and an optical transition radiation (OTR) silicon sensor for measuring the beam profile. Additional beam line diagnostics and viewers were used as well. For the transmission test, the fixture containing the aluminum aperture block was installed in the FEL IR beam line, along with additional quadrupoles and other beam line components. Ambient radiation measurements (those without the test fixture installed) were made using the IR and UV beam lines.
Three radiation monitoring systems were installed in the FEL vault for this study: a pair of NaI/PMT detectors (with 2-inch and 3-inch diameter NaI crystals, respectively), each inside a leadshielded enclosure constructed with standard 2-inch x 4-inch x 8-inch lead bricks, an unshielded neutron monitor (Canberra NP100B counter, designated RM212 p1) and an unshielded gamma monitor, a xenon-filled ion chamber (Canberra IP100, designated RM212 p2). The NaI/PMT detectors were calibrated and adjusted to count photons from 300 keV to 15 MeV. All three systems were located on a movable cart (see Fig. 2 ). The NaI/PMT detectors were read out by spectroscopy amplifiers at the cart, with high-level signals sent to MCAs in laboratory space outside the vault. The gamma and neutron monitors were read out by the FEL radiation protection monitoring system. Table 1 lists the detectors used in this study. See Fig. 3 for their locations in the vault and relative to the test fixture, IR and UV beam lines, and linac cryomodules.
Ambient background data were taken while the cart was positioned near the mid-point of the IR beam line (Location A in Fig. 3 ). Radiation data with the test fixture installed were taken with the cart at a location further upstream on the IR line and approximately 1.9 m downstream of the test fixture, at 24
• to the side (Location B). Fig. 4 shows the shielding configuration for the NaI/PMT detectors. 
Radiation level measurements
Radiation measurements were made for various machine configurations: beam-on, with the test fixture containing the aperture block in place on the beam line; beam-on, without the test fixture and aperture block; and beam-off, but with accelerating gradient RF applied to the cryomodules.
Ambient measurements without the aperture block
To study ambient backgrounds in the vault (without the test fixture installed), a set of measurements was made during beam-on running, with electrons in the UV line, and again during beam-off, but accelerating-gradient-on, running. NaI/PMT spectra obtained under these running conditions are shown in Fig. 5 . The beam-on spectrum is shown shows the data acquisition circuit for the NaI/PMT system. Two independent NaI/PMT systems were used: one 2 inches dia. x 2 inches in length, the second 3 inches dia. x 3 inches in length. Both systems were calibrated using 60 Co ( γ = 1.17 MeV and 1.33 MeV) and 137 Cs (γ = 0.6617 MeV) sources.
in blue, and the beam-off, RF-on spectrum in red. The small difference between them (shown in green) demonstrates that the ambient radiation in the FEL vault for this particular machine tune is not associated with the presence of electrons in the machine. Rather, when the electron beam is properly tuned for maximum energy recovery and 130 MeV beam energy, as was the case here, the source of the ambient radiation is multipactoring in the RF cryomodules [10] . Multipactoring occurs when field emission pulls electrons from the niobium surface of a cryomodule and these electrons are accelerated, then impact the cavity wall and release more electrons and potentially photons and neutrons as well, depending on the gradient. The process can then repeat.
A series of radiation measurements were made as a function of accelerating gradient. The RM212 p1 (neutron) and RM212 p2 (photon) counters were used to measure dose rates, which are shown in Fig. 6 as a function of RF accelerating gradient. Starting with the accelerator tuned for stable operation at 130 MeV, and with no electrons in the machine, RF cavities were turned off sequentially, working back towards the injector. After each section was turned off, radiation levels were recorded. Neutrons are seen to be responsible for about one quarter of the dose rates when the RF power is set up for accelerated energy greater than 100 MeV. These measurements were made with the RM212 monitors at Location A.
We note that this setup-tuning the linac for maximum energy-tends toward the worst-case scenario in terms of production of photon and neutron backgrounds by multipactoring. However, the amount of radiation can be managed by balancing the machine tune to provide the required beam energy, stable energy recovery, and satisfy any other considerations that may be present. Also, over time, RF cavities become more susceptible to field emission. Replacement of cavities exhibiting more pronounced field emission can reduce the radiation levels.
Measurements with the aperture block
Several runs were carried out with the test fixture and its aperture block installed on the IR beam line. Table 2 lists four of these runs. Starting with Figure 6 : Photon (squares), neutron (triangles), and total (circles) ambient dose rates as a function of accelerating gradient when no beam is present (left vertical scale). The neutron dose rate as percentage of the total dose rate (diamonds, right vertical scale) is also shown. These measurements were taken at Location A in Fig. 3 . the 6 mm aperture and progressing to the 4 mm and finally to the 2 mm aperture, the tests were conducted with an initially low charge/bunch and repetition rate. These were then increased while maintaining machine tune for minimum beam loss. Radiation background data were recorded for each test, along with the temperature change in the block and machine parameters. The tests varied in length from 15 minutes to 2 hours, with a final long run (Run 4) using the 2 mm aperture lasting 7 hours and delivering 121 C through the aperture. Fig 7 shows the recorded radiation levels for the photon and neutron monitors listed in Table 1 .
Stable operation with minimal beam loss was achieved at each aperture step. The beam parameters at each step were 100 MeV electron energy, 53-60 pC/bunch, 4.0-4.3 mA beam current, 75 MHz bunch frequency, 400-430 kW beam power, and 70 µm beam spot size at the aperture block (20 cm beta function at r.m.s. emittance of 2.5 × 10 −8 ). The beam profile and halo were measured during low duty cycle, pulsed-beam runs.
The temperature increase of the 1 kg aluminum block during beam operation, along with the cooling rate during beam-off time, allow calculation of the average power deposited in the block. When combined with the total beam power, the fractional beam loss can be determined. See Ref. [8] for a more detailed discussion. Table 3 shows beam losses ranging from 1.3 ppm to 6.8 ppm. Table 3 also lists values of the photon and neutron backgrounds. As operational experience was gained, backgrounds decreased during each run. In Run 4, the photon dose rate downstream of the test fixture started near 150 R/hr, decreased to around 40 R/hr as the tune was improved, then remained stable to the end of the run. Neutron production based on beam loss calculations with the 2 mm aperture ranged from 0.6 rem/hr to 1.3 rem/hr. . The NaI/PMT data were recorded by the 2-inch dia. NaI/PMT detector. The FLUKA spectrum is from a simulation of the aperture block and beam line components and models the photon spectrum incident on the NaI/PMT detector inside the 4 inch lead shield. Both spectra are in units of photons/mC of beam electrons incident on the aperture block and are normalized to the surface area of the NaI crystal. The FLUKA simulation does not include the effects of the NaI/PMT detector response, which had a 40% average dead time during Run 4, nor the neutron component.
Background Modeling
A simulation of the transmission test using the 2 mm aperture was made using FLUKA [11, 12] to compare with the measured NaI/PMT data. The simulation, which modeled 2.5 × 10
6 incident e − , included the aluminum aperture block, an approximation of the beam line and its components to a distance of 3 m downstream of the aperture block, and the lead enclosure around the detectors. The FLUKA photon spectrum inside the shielded enclosure is shown in Fig. 8 along with the NaI/PMT data. A simulation of the NaI/PMT detector response was not included, nor was the detector response to the neutron component. Within this approximation, however, acceptable agreement between the two spectra over the energy range covered by the detectors (≈ 300 keV-15 MeV) is found.
Operational lessons learned
The beam test provided an opportunity to stress the operation of the FEL energy recovery linac under high power, CW runs of up to several hours in duration. It was found that, while the machine tune was somewhat critical, it was relatively straightforward to transmit the beam through the aperture with minimal loss.
Stability of the ERL was generally good, but there were a number of of trips of the machine (See Fig. 7 for Run 4), mostly of short duration. During CW operation, a few outages up to of 10 to 30 minutes occurred when a cavity lost phase lock and had to be re-tuned, or when the phases drifted and CW operation had to be interrupted to re-phase. Phase drift was compounded by high outside ambient temperatures on some days, with correspondingly higher vault ambient temperature, which affected stability of some components. Beam trips occurred for a variety of reasons, including an RF control module that needed replacement; instabilities induced by "pinging" of a cryomodule with the beam, causing it to trip; and phase-lock faults in the drive laser associated with the high ambient temperatures. Operational stability improved during the week as experience was gained.
Summary
The DarkLight beam transmission test demonstrated the feasibility of sustained CW operation of the JLab FEL ERL at high power (430 kW) with a 70 µm beam spot on a 2 mm diameter target aperture similar to that proposed for the DarkLight gas target. Data on beam loss, wall heating, and radiation backgrounds were obtained. Average beam losses were less than 7 ppm for all aperture sizes. Radiation backgrounds downstream of the test fixture were measured and provide information useful for design of the DarkLight detector. Experience in operating the machine in this configuration was obtained and techniques for machine tuning and beam diagnostics developed. The test demonstrated that the JLab FEL is capable of meeting the needs of the DarkLight experiment. Beam optical qualities are already very good.
Machine stability should be improved by planned upgrades to the FEL. These upgrades include a new injector, use of a smaller drive laser beam spot, reducing the bunch charge to 30 pC/pulse, and switching to a longer (80 cm) beta function. Installation and operation of the DarkLight detector will allow implementation of a transport system solution that-in addition to providing an appropriately configured beam at the target-provides a phase space exchange analogous to that normally used in the IR side of the machine. This type of exchange has been demonstrated to suppress the beam break-up (BBU) instability and to allow operation at very high current.
Measurements were obtained of photon and neutron backgrounds produced by the FEL when running under conditions similar to what will be the case when a gas target is installed for DarkLight. Of several reference runs using the three different apertures, the 7 hour, 2 mm aperture Run 4 was the most stringent, delivering 121 C total. On average during the latter half of Run 4, photon and neutron radiation backgrounds downstream of the test fixture were around 50 R/hr whole-body dose for photons and 0.4 rem/hr whole-body dose for neutrons. Numerous lessons were learned about machine operation at high current and high power, including that decreases in radiation backgrounds were obtained by improved tuning of the machine during the course of a run.
A good deal was learned about ways to improve performance and reduce backgrounds. One example is beam break-up (BBU). Usually BBU is eliminated by use of a rotator, but during the transmission test a rotator normally used for this purpose had been replaced by the test fixture and associated components. An alternative was found: shifting the beam energy to a slightly lower value eliminated the BBU.
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Appendix: NaI/PMT photon measurements
As part of the ambient radiation measurements, additional spectra were taken under identical conditions except for the amount of lead shielding: 2 inches and 4 inches surrounding the NaI/PMT detectors. Analysis of these data provides information that may be useful when planning any experiment to be conducted in the vault's radiation environment.
Effective attenuation
A mono-energetic photon beam traversing material 2 is attenuated by several processes. At low energies, attenuation is dominated by the photoelectric effect. At higher energies the Compton effect is dominant. At still higher energies, pair production takes over. These effects overlap and the resulting attenuation can be expressed as:
where µ(i) is the mass attenuation coefficient for photon energy E(i), ρ, is the density of lead (11.35 gm/cm 3 ), and x is the thickness of lead. A photon spectrum can be considered to be the sum of mono-energetic photons of energy E(i), where i represents the channel number (or energy bin) over the detection range. Photons in each channel will be attenuated according to the above equation.
We measured the spectrum for two thicknesses x = 2 and 4 inches: Run A and Run B, respectively. Note that the four-inch-thick box can be treated as two 2-inch thick boxes, one inside the other. The natural log of the ratio of the two spectra yields:
Using the two spectra, Run A and Run B, in equation (3) yields the results shown in Fig. 9 .
8.2. Neutron spectrum derived from photon spectrum Up until the (γ, n) threshold, the effective attenuation of ambient photons is approximately constant. Assuming that this would be the case if there were no neutron production, then above threshold the liberated neutron would have kinetic energy equal to the difference between the photon energy and the binding energy of the neutron. Thus a neutron spectrum can be obtained from Run-B as shown in Fig. 10. 
511 keV Peak
At the low energy end of the photon spectrum in Fig. 11 there is a peak near 511 keV. This is due to pair production from high energy photons that have penetrated the shielding and pair produce at the inner surface of the lead box. Of course, pair production is occurring throughout the transit through the shielding but the lead shielding absorbs the 511 keV photons before they are seen in the NaI.
Final Observations
The four-inch thick shielding can be thought of as a two-inch thick shielding box that is an analog Monte Carlo spectrum generator of an incident photon flux for the inner 2 inches of lead. Further, this takes into account the actual running conditions that are only approximated by a computer generated model. The curve with square points is from NIST tables [13] . The data (circles) are the effective mass attenuation coefficients derived from Run A and Run B. Note the significant increase in the value of the effective mass attenuation near 6 MeV photon energy. This suggests an additional mechanism for attenuation other that the PEComption-Pair production. The (γ, n) threshold for lead is 6.2 MeV.
In the FLUKA comparison with Run 4, the onset of (γ, n) is seen in the change in slope of Run 4's data about 6 MeV. Note that the FLUKA spectrum does not show this effect.
Close comparision of the slopes before and after the peak of both spectra shows the effect of pile-up in Run 4's spectrum. The main reason for setting a lower level discriminator threshold so that only data above a few hundred keV, was to reduce the pile-up and dead time during collection of the spectra. The number of counts in the peak near 511 keV is the sum of the counts above the quadratic background fit line (upper points). Since each 511 count (lower points) represents an electron-positron pair produced by a high energy gamma near the inner surface of the lead shielding, the number of counts in the peak (above the background line) is at least the number of high energy gammas that should be added to the sum of high energy gammas. That is, the vault radiation above 6 MeV is at least the sum of neutrons, the pair-producing gammas, and the photon spectrum.
